Effects of yttrium and erbium additions on glass-forming ability (GFA), thermal stability and mechanical properties of glassy Zr 55 Al 10 Ni 5 Cu 30 alloy were studied. (Zr 0:55 Al 0:10 Ni 0:05 Cu 0:30 ) 100Àx RE x (RE = Y, Er and x ¼ 0; 0:5; 1; 2; 3; 5 at%) metallic glasses were formed by melt-spinning and copper mold casting. It was found that the addition of Y or Er greatly enhanced the glass-forming ability, thermal stability and mechanical properties of Zr 55 Al 10 Ni 5 Cu 30 alloy. The alloys containing 1-3 at% Er can be cast into glassy rods with a diameter of 15 mm, which is larger than the critical diameter (10 mm) of the base alloy in the present work. With the addition of 1 at% Y, supercooled liquid region ÁT x of the base alloy was extended from 89 to 102 K, compressive strength was increased from 1650 to 1800 MPa and plastic strain reached a value as high as 3.5%.
Introduction
Zr-based bulk metallic glasses, such as Zr-Al-Ni-Cu, 1) Zr-Ti-Cu-Ni, 2) Zr-Ti-Ni-Cu-Be 3) and Zr-(Ti,Nb,Pd)-Al-(Ni,Cu), 4) possess high glass-forming ability (GFA), 5) excellent mechanical properties 6) and high corrosion resistance. 7) These glassy alloys have been used as structural materials for some special purposes, such as golf clubs, tennis rackets and optical lens holders. 8) However, most of these bulk glassy alloys exhibit low plasticity and ductility, 9) which limit their industrial use. Zr 55 Al 10 Ni 5 Cu 30 is a typical glassy former which can be cast into a glassy rod with diameter larger than 30 mm by suction casting method and possesses high tensile strength of 1570 MPa, 9, 10) but it has nearly no plasticity. Therefore, it is an essential demand for new bulk glassy alloys with good plasticity for extending the application fields of metallic glasses.
Recently, it was found that the addition of minor amount of rare-earth elements dramatically enhances the GFA of Febased glassy alloys. [11] [12] [13] It was suggested that the rare-earth elements with larger atomic sizes may either act as oxygen scavenger or stabilize the supercooled liquid alloy, consequently improving the GFA. [11] [12] [13] [14] It is very interesting to know the effects of rare-earth element addition on Zr-based bulk glassy alloys, especially on its mechanical properties. In this study, effects of rare-earth elements Y and Er addition on the GFA and mechanical properties of Zr-Al-Ni-Cu bulk glassy alloys were investigated.
Experimental Procedures
Alloy ingots with nominal compositions of (Zr 0:55 Al 0:10 -Ni 0:05 Cu 0:30 ) 100Àx RE x (RE = Y, Er and x ¼ 0; 0:5; 1; 2; 3; 5 at%) were prepared by arc melting the mixture of pure Zr (99.99 mass%), Al (99.99 mass%), Ni (99.99 mass%), Cu (99.99 mass%) and RE (RE = Y (99.95 mass%) or Er (99.9 mass%)) in an Ar atmosphere. The compositions are expressed in atomic percentage. From the alloy ingots, ribbons with a cross section of 0:02 Â 2 mm 2 were prepared by a single-roller melt-spinning technique in an argon atmosphere. Rod samples with diameters up to 15 mm were fabricated by copper mold casting. Structure of the rod and ribbon samples was analyzed by X-ray diffraction (XRD). Thermal stability parameters (glass transition temperature T g and crystallization temperature T x , as well as supercooled liquid region ÁT x ðÁT x ¼ T x À T g Þ) were measured with a differential scanning calorimeter (DSC) at a heating rate of 0.67 Ks À1 . Compressive stress-strain curves were measured using the as-cast glassy rod with the gauge dimension of 3 mm in diameter and 6 mm in length at strain rate _ " " of 4:17 Â 10 À4 s À1 at room temperature. The fracture surface was observed by scanning electron microscopy (SEM). Figure 1 The outer surface is smooth and neither concave nor cavity caused by the precipitation of crystalline phases can be observed. Table 1 lists critical diameters d c for glass formation of the studied alloys. The base alloy Zr 55 Al 10 Ni 5 Cu 30 could be cast into glassy rod with a maximum diameter of 10 mm under the present experimental condition, while the 1-3 at% Er doped alloys could be easily cast into glassy alloy rod with a diameter of 15 mm. It is clear that the glassy alloys containing 1-3 at% RE possess larger critical diameters comparing to the base alloy, indicating that the addition of the rare-earth elements greatly improves GFA of the base alloy. Figure 2 shows DSC curves of (Zr 0:55 Al 0:10 Ni 0:05 -Cu 0:30 ) 100Àx RE x glassy alloy ribbons. The values of T g , T x and ÁT x are summarized in Table 1 . It is shown that the T g and T x decrease with increasing RE content except for a slight increase in T x of the sample with 0.5 or 1 at% Y. The ÁT x reaches the maximum value of 102 K at 1 at% Y for the alloys containing Y and 97 K at 3 at% Er for those added with Er, respectively. The ÁT x decreases abruptly when the Y or Er content is as high as 5 at%. Fig. 4(a) , there is a wide shear band on the outer surface, which is caused by the plastic flow during compression. It demonstrates that the corresponding alloy has good plasticity and ductility. In Fig. 4(b) , typical well-developed vein pattern can be clearly observed. Similar fracture behavior was also observed for the bulk glassy alloys containing Er.
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Discussion
The present results suggest that the GFA and thermal stability of glassy Zr 55 Al 10 Ni 5 Cu 30 alloy are greatly enhanced by the minor addition of Y or Er. There are two supposed views to explain the roles of RE elements on GFA and thermal stability of glassy alloys. One is concerning with the intrinsic role of minor alloying elements, i.e., RE elements have strong effect to destabilize the competing crystalline phase and stabilize the liquid phase. 11, 12, 14) Another is that RE elements may act as oxygen scavenger, which leads to the suppression of heterogeneous nucleation. 13, 15, 16) It has been suggested that large negative heats of mixing and significant difference in atomic sizes are favorable to form glassy alloys. [17] [18] [19] The heat of mixing of Er with Al, Ni, Cu and Zr is À38, À34, À23 and 7 kJ/mol, respectively. It means that Er atoms form preferably atomic pairs with Al, Ni or Cu atoms in the supercooled liquid, which destabilizes the competing crystalline phase and stabilizes the liquid phase. As a result, the GFA and thermal stability of the rare-earth elements added glassy alloys are improved. On the other hand, the atomic radii of Y, Zr, Al, Ni and Cu are 0.181, 0.160, 0.143, 0.125 and 0.128 nm, respectively. The large difference in atomic sizes causes large atomic mismatch and is favorable to form dense random atomic packing, which will suppress the formation of the primary phase and improve the GFA and thermal stability of the glassy phase. The role of RE elements acting as oxygen scavengers is well known, which can lead to the suppression of heterogeneous nucleation in glassy alloys and improve glass-forming ability. 13, 15, 16) However, this explanation is not satisfactory for the present alloys. According to this explanation, it is reasonable to deduce that the higher content of RE additives, the higher stability of the glassy alloy and the stronger of the GFA. However, in fact, suitable range of RE content is demanded to improve the comprehensive properties of the glassy alloy, out of the content range detrimental effect will appear.
It is very interesting that large plastic strain before fracture can be found in some Y-or Er-containing alloys. Moreover, these glassy alloys exhibit distinct jerky flow characterized by the serrated stress-strain curves (Fig. 3) . The experimental result demonstrates that large plastic deformation with serrated stress-strain curve is associated with formation of new shear band [ Fig. 4(a) ].
Conclusions
Glass-forming ability of the Zr 55 Al 10 Ni 5 Cu 30 glassy alloy is enhanced by addition of (0. 
